Cap carbonates directly overlying Cryogenian glacial diamictites are the critical stratigraphic record for understanding the transition from the Earth's extreme cold to Ediacaran environments that hosted early multicellular organisms. In the last decade, enormous efforts have been made to understand the sedimentological, stratigraphic and isotope geochemical details of cap carbonates, particularly the c. 635 Ma cap carbonates overlying the late Cryogenian glaciogenic successions (Kirschvink 1992; Kennedy 1996; Kaufman et al. 1997; James et al. 2001; Kennedy et al. 2001; Hoffman & Schrag 2002; Jiang et al. 2003a Jiang et al. , 2006a Nogueira et al. 2003; de Alvarenga et al. 2004; Hoffmann et al. 2004; Xiao et al. 2004; Shen et al. 2005; Shields 2005; Hoffman et al. 2007; Giddings & Wallace 2009) . Although the origin of cap carbonates and associated sedimentary features remains debated (Hoffman & Schrag 2002; Shields 2005; Jiang et al. 2006b; Fairchild & Kennedy 2007) , isotope studies imply that cap carbonates were probably formed in stratified oceanic environments with oxic surface meltwater overlying anoxic deep ocean (Shen et al. 2005 (Shen et al. , 2008 Shields 2005; Hurtgen et al. 2006) .
A particular phenomenon that has been recently noted but not adequately studied is the high concentration of iron (Fe), manganese (Mn) and other redox-sensitive elements in cap carbonates (Font et al. 2006; Nédélec et al. 2007; Shen et al. 2008; Huang et al. 2009; Zhao et al. 2009 ). High Mn concentrations can be ascribed to meteroic and/or burial diagenesis (Kaufman & Knoll 1995; Jacobsen & Kaufman 1999; Derry 2010) , but existing data show that most Neoproterozoic carbonate rocks have relatively lower Fe and Mn concentrations (,1000 ppm) and larger local variations than cap carbonates (Yoshioka et al. 2003; Frimmel 2008; Zhao et al. 2009 ). Recent studies have indicated that the deep water masses were sometimes sulphidic but were mainly ferruginous (Fe 2þ -enriched) during the Neoproterozoic (Canfield et al. 2008; Li et al. 2010) . The presence of banded iron formation (BIF) and Mn oxide or carbonate beds in some Cryogenian successions (Klein & Ladeira 2004; Roy 2006; Ilyin 2009; Feng et al. 2010 ) also suggests Fe 2þ -and Mn 2þ -enriched seawater. This oceanic chemical condition may have caused the high Fe and Mn concentrations of cap carbonates immediately after Cryogenian glaciations.
In this study, we report element data, including REE, from the outer shelf and basinal sections of the Doushantuo cap carbonate (c. 635 Ma) in South China and discuss the potential origin of high Fe and Mn concentrations in the Doushantuo cap carbonate. The results may aid our understanding of the ocean redox conditions at the end of the Nantuo glaciation.
Geological setting
The 3-6 m thick Doushantuo cap carbonate constitutes the base of the Doushantuo Formation, which was inferred to have been deposited on a passive continental margin along the southeastern side of the Yangtze Block (Wang & Li 2003; Jiang et al. 2006a; Zhou & Xiao 2007) . This cap carbonate overlies the glacial diamictites of the Nantuo Formation and forms a regionally consistent stratigraphic marker that extends for more than 350 km from the shelf to the basin (Jiang et al. 2003b (Jiang et al. , 2006a (Figs 1 and 2) . The Doushantuo cap carbonate separates the Cryogenian glaciogenic rocks from Ediacaran carbonates and shale, and has been dated at c. 635 Ma Condon et al. 2005; Yin et al. 2005; Zhang et al. 2005) .
The Doushantuo cap carbonate mainly consists of micritic and/or microcrystalline dolostone and limestone, with localized bedding disruption, brecciation and cementation at the base (C1 in Fig. 2) , which have been interpreted as methane seeps (Jiang et al. 2003a (Jiang et al. , 2006a Wang et al. 2008) . The general lack of coarse-grained lithology and cross-stratifications and the presence of parallel lamination and graded bedding in the Doushantuo cap carbonate suggest deposition mostly below fairweather wave base (Jiang et al. 2006a) .
In this study, we focused on two carefully selected sections on the basis of palaeogeographical location, exposure and availability of fresh samples. The Zhongling section in Hunan province represents the outer-shelf facies and the Longe section in Guizhou Province of China represents the basinal facies (Figs 1 and 2). The Doushantuo cap carbonate in the Zhongling section can be divided into three parts (Fig. 2) . The base of the cap carbonate (C1) consists of cliff-forming, buff-to yellow-weathering microcrystalline dolomite with localized bedding disruption, brecciation, cavities and early cementation, similar to features that have been interpreted as methane seeps (Kennedy et al. 2001; Jiang et al. 2003a,b) . The middle part of cap carbonate (C2) is laminated with local tepee-like structures. The uppermost part of the cap carbonate (C3) consists of thinly laminated, silty and shaly dolostone and limestone. In the Longe section, the cap carbonate is composed of mainly two parts (Fig. 2) , the lower cliff-forming, microcrystalline dolostone (C1) and the upper shaly-silty dolostone (C2 + C3).
Methods
All the carbonates were collected at outcrop as large hand samples to ensure sufficient quantity for geochemical analysis. After removing weathered surfaces and secondary veins, the samples were ground to powder (,200 mesh) in an agate mortar for geochemical analysis. Major elements of bulk samples were analysed by X-ray fluorescence spectrometry (XRF) on a Shimadzu XRF-1500 system using fusion glasses made from a mixture of sample powder and flux (Li 2 B 4 O 7 ) in the proportion 1:5 at State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences. The analytical precision monitored by an internal standard is better than 10% (1ó).
For trace elemental analyses, 40 mg of sample powders were reacted with 1 ml of 3M acetic acid in a Teflon pot for 12 h and then centrifuged. Insoluble residues were then removed by filtration, dried and reweighed. The supernatant was dried and redissolved in 0.5 ml of 0.1M HNO 3 , and dried again. This process was repeated until all acetic acid was removed. The sample was then dissolved in 1% HNO 3 . Monitored by an internal standard, In, the final solutions were analysed for trace element, including REE, concentrations by inductively coupled plasma mass spectrometry (ICP-MS) using a Finnigan MAT Element system at State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences. The analytical precisions monitored by the internal standard are better than 10% (1ó) for trace elements.
A few elements, including Ti, Mn and Fe, were analysed by both XRF and ICP-MS. To distinguish the different methods, we use X T to represent the XRF results and X HAc to represent the ICP-MS results in the discussion. 
Results

Major elements
Major elements of cap carbonates of the Zhongling and Longe sections are listed in Tables 1 and 2 
Discussion
Fidelity of trace elements and REE Zhao et al. (2009) analysed trace elements of Ediacaran carbonates by stepwise dissolution with different strengths of acid. They found that calcite was principally dissolved in 0.5M acetic acid, and dolomite was principally dissolved in 3.4M acetic acid. In this study, 3M acetic acid was used for trace elemental analysis, which can dissolve most calcite and dolomite in the cap carbonates. TiO 2 content range is c. 0.03-0.07% (i.e. c. 180-420 ppm of Ti T ) in bulk samples, whereas the Ti HAc range is c. 1-7 ppm by acetic acid solution, which indicated that acetic acid dissolution is very effective in removing detrital impact. Some incompatible elements and HFSE (e.g. Zr, Th and Sc) commonly have been used to track detritus from continents (Calvert & Pedersen 1993; Tribovillard et al. 1994; Hild & Brumsack 1998; Böing et al. 2004) . For the trace elements dissolved by acetic acid, very low concentrations of Zr, Th and Sc (in comparison with PAAS) indicate negligible detrital contributions. There is no correlation between Zr and redoxsensitive elements (e.g. Fe, Mn and Ba) in both Zhongling and Longe sections ( Fig. 3) , indicating that detrital contributions to redox-sensitive elements are trivial. The lack of correlation between Zr and total REE contents also indicates that detrital contribution to REE is negligible (Fig. 3 ). In addition, the total REE contents are in the typical range of marine carbonates (Webb & Kamber 2000; Nothdurft et al. 2004) , which also indicates minor detrital contributions.
Trace elements are sensitive to palaeoenvironmental conditions and to diagenetic alteration during diagenesis. High Mn contents together with Mn/Sr . 2 are commonly regarded as indicators for diagenetic alteration of limestones, because Sr is commonly expelled from sedimentary carbonates, whereas Mn is incorporated during diagenesis (Jacobsen & Kaufman 1999) . High Mn/Sr ratios are observed in our studies, but we consider that the Mn enrichment in cap carbonates is more probably related to the coeval seawater chemistry rather than a diagenetic artefact because Mn concentrations mimic those of other redox-sensitive elements (Figs 4 and 5) . This is consistent with earlier studies that show high Mn concentrations in other time-equivalent cap carbonates, which were interpreted as resulting from anoxic or suboxic depositional environments (Shen et al. 2005; Font et al. 2006; Hurtgen et al. 2006; Nédélec et al. 2007; Feng et al. 2010) . Similarly, high Mn/Sr ratios also have been reported from the early Cryogenian cap carbonates and interpreted as recording unusual seawater composition (Yoshioka et al. 2003) . REE + Y replace Ca 2þ in carbonate lattices and can remain stable for a long geological time (Zhong & Mucci 1995) . Once REE are set in a stable carbonate lattice, solid-state diffusion is minimal even at metamorphic temperatures (Cherniak 1998) . Most diagenetic fluids contain very low REE + Y (10 À6 to 10 À4 ppm) and would have very limited influence on the REE + Y of carbonate rocks (Sholkovitz et al. 1989; Banner & Hanson 1990 ). Furthermore, calcite cement formation can strongly reduce the permeability and porosity of sedimentary carbonates, which stops REE + Y incorporation from seawater during early diagenesis (Tanaka & Kawabe 2006) . Many wellconstrained diagenetic studies suggest that REE + Y patterns were very stable in ancient carbonates that underwent diagenesis (Webb & Kamber 2000; Nothdurft et al. 2004; Webb et al. 2009 ). Banner et al. (1988) found that extensive early dolomitization of Carboniferous marine limestones in seawater-dominated fluid did not alter marine REE + Y patterns, and a subsequent phase of dolomitization in non-marine fluids that caused major textual recrystallization and compositional change likewise did not alter REE patterns either. Webb et al. (2009) also noted that many ancient dolomites might preserve intact seawater REE + Y proxies.
In summary, the lack of detrital contribution to trace elements and REE + Y patterns, the covariation of Mn and redox-sensitive elements, and the similarity of results between the Doushantuo cap carbonate and other time-equivalent cap carbonates argue that the trace elements and REE of the Doushantuo cap carbonate probably record the coeval seawater composition from V  17  15  7  7  4  79  63  35  20  Cr  17  749  298  162  25  105  161  38  31  Mn  9029  7195  1614  1397  1304  3430  2909  1745  2485  Fe  3851  6902  4464  4054  3825  5113  3773  2536 which the cap carbonates were precipitated rather than diagenetic artefacts.
Redox conditions during cap carbonate deposition
Redox-sensitive elements, such as V, U, Co, Ni, Zn and Cd, can be used to track the redox conditions of depositional environ-ments (Morford & Emerson 1999; Morford et al. 2001; Tribovillard et al. 2006 ). The enrichment factors (EF) of redoxsensitive trace elements are commonly used to estimate if these elements are relatively enriched or depleted: EF-X element ¼ (X T /Al T )/(X PAAS /Al PAAS ) (Tribovillard et al. 2006) . In this study, the concentrations of trace elements were analysed through acetic acid dissolution, and their values (X HAc ) should be lower than X T . The results calculated by EF-X ¼ (X HAc /Al T )/(X PAAS /Al PAAS ) would be lower than the real EF-X. Even so, most EF-X values of cap carbonates are much greater than unity (Figs 4 and 5) , which indicates that the redox-sensitive elements are enriched relative to PAAS. Elevated EF suggests anoxic conditions during cap carbonate precipitation in both Zhongling and Longe sections. Assuming that cap carbonates were precipitated near the surface ocean (photic zone), as has been suggested by the presence of peloids and stromatolites in the Doushantuo cap carbonate (Jiang et al. 2003a (Jiang et al. , 2006a and other cap carbonates globally (e.g. Kennedy 1996; James et al. 2001; Nogueira et al. 2003; Halverson et al. 2004; Xiao et al. 2004; Corsetti & Grotzinger 2005; Hoffman et al. 2007 ), enrichment of redoxsensitive elements in both shelf (Zhongling) and basin (Longe) sections imply that seawater anoxia may have reached a shallow water depth within the photic zone.
In the modern ocean, dissolved REE show large negative Ce anomalies (c. 0.06-0.16) because of the oxidation and removal of Ce through Mn nodules and Mn-Fe oxides in the oxic water column (Byrne & Sholkovitz 1996) . The Ce carried by rivers is precipitated largely in coastal settings. In suboxic and anoxic waters, Ce anomalies are smaller or absent owing to reductive dissolution of settling Mn-and Fe-rich particles (German et al. 1991) . In anoxic (euxinic) environments such as the Black Sea, the Ce/Ce* values range from about 0.8 to 1.0 (German et al. 1991) . In this study, most cap carbonate samples show slightly negative Ce anomalies ranging between 0.8 and 1 (Tables 3 and  4) , which indicate euxinic or anoxic depositional conditions. The Fe T /Al ratio can be used as an independent palaeoredox proxy. Based on the iron shuttle model (Lyons & Severmann 2006) , recycled reactive Fe exported from oxic or suboxic shelves would accumulate in euxinic basins where reactive Fe is trapped as iron sulphide. Thus, the Fe T /Al ratio would be enhanced in euxinic basins (Anderson & Raiswell 2004; Lyons & Severmann 2006) . Results from Black Sea sediments (Lyons & Severmann 2006) show that Fe T /Al ratios (0.5-0.6) of oxic sediments are significantly lower than those of euxinic sediments (0.6-1.2). Most Fe T /Al ratios of the cap carbonates in the Zhongling section are .0.6, and those from the Longe section are .1 (Tables 1 and 2) . However, in the Black Sea sediments there are strong Fe T -Al and Mn T -Al correlations in both oxic shelf and euxinic basinal environments (Lyons & Severmann 2006) , implying that the enrichment of Fe and Mn in the basin was due to the transportation of recycled Fe and Mn from shelf to basinal environments (the 'iron shuttle'). In the Doushantuo cap carbonate, no Fe T -Al and Mn T -Al correlations have been observed in both outer shelf and basinal sections (Fig. 6 ). This indicates that the enrichment of Fe and Mn in the Doushantuo cap carbonate was not through an iron or manganese shuttle. For most of the measured samples, the Fe HAc value is very close to the Fe T value, and the Mn HAc value is nearly identical to the Mn T value within analytical uncertainties (Fig. 7) . This suggests that Fe 2þ and Mn 2þ were incorporated into the lattices of carbonate and replaced Ca 2þ and Mg 2þ ions during cap carbonate precipitation. This is consistent with the fact that there was almost no extractable pyrite sulphur from our samples by reduced chloride solution. In combination with the enrichment of redox-sensitive elements in samples, it implies that the depositional environment was anoxic and ferruginous (Fe 2þ -enriched) but not euxinic because, if the seawater was euxinic, Fe 2þ and other metal ions would prefer to precipitate as sulphides, such as pyrite.
Sources of REE and iron in cap carbonates
HREE enrichment and positive Y anomalies of the Doushantuo cap carbonate are similar to those of modern seawater, but the positive Eu anomalies require more specific conditions (Fig. 8) .
In modern hydrothermal systems at mid-ocean ridges, Eu 3þ is reduced to Eu 2þ during alteration of mid-ocean ridge basalt (MORB). As a result of reduced sorption of Eu 2þ (rather than Eu 3þ ), the discharging fluids are enriched in total Eu (German et al. 1993; Edmonds & German 2004; Chavagnac et al. 2005) . Thus, positive Eu anomalies are associated with reduced, hightemperature hydrothermal fluids.
Positive Eu anomalies have been found in other deep-water sections of the Doushantuo cap carbonate ) and in other time-equivalent cap carbonates in Ghana (Nédélec et al. 2007) . The widespread occurrence of positive Eu anomalies in deep-water cap carbonates suggests that they were not the result of localized hydrothermal vents but probably represent mixed seawater
In the modern ocean, hydrothermally injected REE do not influence the REE budget of seawater because injected REE are scavenged by precipitating hydroxides. However, in the early oceans, oxygen in deep oceans was deficient, and riverine sulphate input was very low, leading to anoxic conditions with very limited H 2 S in deep water (Canfield & Raiswell 1999; Canfield 2004 ). This condition was capable of keeping Fe 2þ and Mn 2þ in solution and prevented stripping of REE. Hydrothermal solutions were considered as the main source of REE in deep water during the Archaean and Palaeoproterozoic, when sediments carried a chemical signal from both seawater and hydrothermal fluids (Frei & Dahl 2007; Frei et al. 2008) . The Doushantuo cap carbonate shows REE+Y patterns (Fig. 8) that are similar to those obtained from Archaean and Palaeoproterozoic chemical sediments (Fig. 9) , including HREE enrichment, positive Y anomalies and positive Eu anomalies. These similarities suggest that, during cap carbonate deposition, seawater composition was strongly influenced by hydrothermal solutions from the deep ocean, somewhat like Archaean and Palaeoproterozoic oceans in chemistry.
Global Neoproterozoic glaciations and hydrothermal input were considered to have played important roles in regulating the Neoproterozoic ocean chemistry. Severe glaciations would cause a stagnant and anoxic ocean (Kirschvink 1992) , and the frozen surface would attenuate the flux of reduced sulphur (Canfield & Raiswell 1999) 2004). In addition, sea-level fall during Neoproterozoic glaciations would significantly elevate the Fe content and Fe/H 2 S ratio of mid-ocean ridge hydrothermal fluids (Kump & Seyfried 2005) . The input of hydrothermal fluids with high Fe/H 2 S ratio would effectively enhance Fe 2þ concentration in the deep ocean.
It is difficult to confirm that the change of deep ocean from H 2 S-enriched to ferruginous during the Neoproterozoic was due to global glaciations and hydrothermal input, because transformation from H 2 S-enriched deep ocean to ferruginous has been proposed to occur possibly before the early Cryogenian (Sturtian) glaciation (Johnston et al. 2010) , and enhanced weathering of basalt before Sturtian glaciation would provide abundant iron to the ocean (Goddéris et al. 2003; Donnadieu et al. 2004 ). However, a reasonable conclusion that can be drawn from this study is that the global glaciations and hydrothermal input played a very important role in sustaining the ferruginous deep ocean that may have lasted until the late Ediacaran period, because BIF and rhodochrosite associated with Sturtian glaciation (Klein & Ladeira 2004; Klein 2005; Roy 2006; Ilyin 2009; Feng et al. 2010 ) and the Doushantuo cap carbonate after Nantuo glaciation both suggest ferruginous conditions influenced by hydrothermal solutions from deep-ocean seawater.
Conclusion
New results for major elements, trace elements and REE of the Doushantuo cap carbonate (c. 635 Ma) deposited in outer-shelf and basinal environments in South China are reported. Enrichment in redox-sensitive elements and slightly negative Ce anomalies in cap carbonates indicate anoxic marine environments during cap carbonate deposition. However, high Fe T /Al ratios and very low extractable pyrite Fe do not signify euxinic conditions. In combination with results from other time-equivalent cap carbonates, the high Fe and Mn concentrations in the Doushantuo cap carbonate were probably from enriched Fe 2þ in seawater, implying ferruginous seawater during and after the Nantuo glaciation. This Special Publication of the Geological Society of London, The Evolving Continents: Understanding Processes of Continental Growth, was written to honour the career of Brian F. Windley, who has been hugely influential in helping to achieve our current understanding of the evolution of the continental crust, and who has inspired many students and scientist to pursue studies on the evolution of the continents. Brian has studied processes of continental formation and evolution on most continents and of all ages, and has educated and inspired two generations of geologists to undertake careers in studies of continental evolution. The volume is organized into six sections, including: oceanic and island arc systems and continental growth; tectonics of accretionary orogens and continental growth; growth and stabilization of continental crust: collisions and intraplate processes; Precambrian tectonics and the birth of continents; and active tectonics and geomorphology of continental collision and growth zones. The world's mountain ranges are the clearest manifestations of long-term deformation of the continental crust. As such they have attracted geological investigations for centuries. Throughout this long history of research a few keynote publications stand out. One of the most important is the Geological Survey's 1907 Memoir on The Geological Structure of the North-West Highlands of Scotland. The Memoir summarized some of the Geological Survey's finest work, and outlined many of the principles of field-based structural and tectonic analysis that have subsequently guided generations of geologists working in other mountain belts, both ancient and modern. The thematic set of 32 papers in this Special Publication celebrate the 100th anniversary of the 1907 Memoir by placing the original findings in both historical and modern contexts, and juxtaposing them against present-day studies of deformation processes operating not only in the NW Highlands, but also in other mountain belts. Iterative comparison of analytical results and natural observations with predictions of numerical models improves interpretation of geological processes. Further refinements derive from wide-angle comparison of results from various scales of study. In this volume, advances from field, laboratory and modelling approaches to tectonic evolution -from the lithosphere to the rock scale -are compared. Constructive use is made of apparently discrepant or non-consistent results from analytical or methodological approaches in processing field or laboratory data, P-T estimates, absolute or relative age determinations of tectonic events, tectonic unit size in crustal-scale deformation, grain-scale deformation processes, various modelling approaches, and numerical techniques.
NEW
Advances in geodynamic modelling critically depend on new insights into grain-and subgrain-scale deformation processes. Conversely, quantitative models help to identify which rheological laws and parameters exert the strongest control on multi-scale deformation up to lithosphere and upper mantle scale. The Zagros fold-thrust belt (ZFTB) extends from Turkey to the Hormuz Strait, resulting from the collision of the Arabian and Eurasian plates during Cenozoic times, and separates the Arabian platform from the large plateaux of central Iran. To the east a pronounced syntaxis marks the transition between the Zagros collision belt and the Makran accretionary wedge. In the ZFTB, the Proterozoic to Recent stratigraphic succession pile is involved in huge folds, and offers the opportunity to study the stratigraphic and tectonic evolution of the Palaeo-Tethyan margin.
Few recent data were widely available on the southern Tethys margin preserved in the Zagros Mountains. The Middle East Basins Evolution (MEBE) program was an excellent opportunity to go back to the field and to collect new data to better constrain the evolution of this margin. In this volume the structure of the Zagros Mountains is explored through different scales and using different methodologies. 
